Recent observations reveal that the central star of the planetary nebula Abell 48 exhibits spectral features similar to massive nitrogen-sequence Wolf-Rayet stars. This raises a pertinent question, whether it is still a planetary nebula or rather a ring nebula of a massive star. In this study, we have constructed a three-dimensional photoionization model of Abell 48, constrained by our new optical integral field spectroscopy. An analysis of the spatially resolved velocity distributions allowed us to constrain the geometry of Abell 48. We used the collisionally excited lines to obtain the nebular physical conditions and ionic abundances of nitrogen, oxygen, neon, sulphur and argon, relative to hydrogen. We also determined helium temperatures and ionic abundances of helium and carbon from the optical recombination lines. We obtained a good fit to the observations for most of the emission-line fluxes in our photoionization model. The ionic abundances deduced from our model are in decent agreement with those derived by the empirical analysis. However, we notice obvious discrepancies between helium temperatures derived from the model and the empirical analysis, as overestimated by our model. This could be due to the presence of a small fraction of cold metal-rich structures, which were not included in our model. It is found that the observed nebular line fluxes were best reproduced by using a hydrogen-deficient expanding model atmosphere as the ionizing source with an effective temperature of T eff = 70 kK and a stellar luminosity of L ⋆ = 5500 L , which corresponds to a relatively low-mass progenitor star (∼ 3 M ) rather than a massive Pop I star.
scribed it as a spectral type of WN6 with a surrounding ring nebula. But, Todt et al. (2013) concluded from spectral analysis of the CS and the surrounding nebula that Abell 48 is rather a PN with a lowmass CS than a massive (Pop I) WN star. Previously, Todt et al. (2010) also associated the CS of PB 8 with [WN/C] class. Furthermore, IC 4663 is another PN found to possess a [WN] star (Miszalski et al. 2012) .
A narrow-band Hα+ [N II] image of Abell 48 obtained by Jewitt et al. (1986) first showed its faint double-ring morphology. Zuckerman & Aller (1986) identified it as a member of the elliptical morphological class. The Hα image obtained from the SuperCOSMOS Sky Hα Survey (Parker et al. 2005) shows that the angular dimensions of the shell are about 46
′′ × 38 ′′ , and are used throughout this paper. The first integral field spectroscopy of Abell 48 shows the same structure in the Hα emission-line profile.
c 2014 RAS But, a pair of bright point-symmetric regions is seen in [N II] (see Fig. 2 ), which could be because of the N + stratification layer produced by the photoionization process. A detailed study of the kinematic and ionization structure has not yet been carried out to date. This could be due to the absence of spatially resolved observations.
The main aim of this study is to investigate whether the [WN] model atmosphere from Todt et al. (2013) of a low-mass star can reproduce the ionization structure of a PN with the features like Abell 48. We present integral field unit (IFU) observations and a three-dimensional photoionization model of the ionized gas in Abell 48. The paper is organized as follows. Section 2 presents our new observational data. In Section 3 we describe the morphokinematic structure, followed by an empirical analysis in Section 4. We describe our photoionization model and the derived results in Sections 5 and 6, respectively. Our final conclusion is stated in Section 7.
OBSERVATIONS AND DATA REDUCTION
Integral field spectra listed in Table 1 were obtained in 2010 and 2012 with the 2.3-m ANU telescope using the Wide Field Spectrograph (WiFeS; Dopita et al. 2007 Dopita et al. , 2010 . The observations were done with a spectral resolution of R ∼ 7000 in the 441.5-707.0 nm range in 2010 and R ∼ 3000 in the 329.5-932.6 nm range in 2012. The WiFeS has a field-of-view of 25 ′′ × 38 ′′ and each spatial resolution element of 1.
′′ 0 × 0.
The spectral resolution of R (= λ/∆λ) ∼ 3000 and R ∼ 7000 corresponds to a full width at half-maximum (FWHM) of ∼ 100 and 45 km s −1 , respectively. We used the classical data accumulation mode, so a suitable sky window has been selected from the science data for the sky subtraction purpose. The positions observed on the PN are shown in Fig. 1(a) . The centre of the IFU was placed in two different positions in 2010 and 2012. The exposure time of 20 min yields a signal-to-noise ratio of S/N 10 for the [O III] emission line. Multiple spectroscopic standard stars were observed for the flux calibration purposes, notably Feige 110 and EG 274. As usual, series of bias, flatfield frames, arc lamp exposures, and wire frames were acquired for data reduction, flat-fielding, wavelength calibration and spatial calibration.
Data reductions were carried out using the IRAF pipeline WIFES (version 2.0; 2011 Nov 21) .
1 The reduction involves three main tasks: WFTABLE, WFCAL and WFREDUCE. The IRAF task WFTABLE converts the raw data files with the single-extension Flexible Image Transport System (FITS) file format to the MultiExtension FITS file format, edits FITS file key headers, and makes file lists for reduction purposes. The IRAF task WFCAL extracts calibration solutions, namely the master bias, the master flat-field frame (from QI lamp exposures), the wavelength calibration (from Ne-Ar or Cu-Ar arc exposures and reference arc) and the spatial calibration (from wire frames). The IRAF task WFREDUCE applies the calibration solutions to science data, subtracts sky spectra, corrects for differential atmospheric refraction, and applies the flux calibration using observations of spectrophotometric standard stars.
A complete list of observed emission lines and their flux intensities are given in Table 2 on a scale where Hβ = 100. All fluxes were corrected for reddening using I(λ)corr = F (λ) obs 10 c(Hβ)[1+f (λ)] . The logarithmic c(Hβ) value of the interstellar extinction for the case B recombination (Te = 10 000 K and Ne = 1000 cm −3 ; Storey & Hummer 1995) has been obtained from the Hα and Hβ Balmer fluxes. We used the Galactic extinction law f (λ) of Howarth (1983) for RV = A(V )/E(B − V ) = 3.1, and normalized such that f (Hβ) = 0. We obtained an extinction of c(Hβ) = 3.1 for the total fluxes (see Table 2 ). Our derived nebular extinction is in excellent agreement with the value derived by Todt et al. (2013) from the stellar spectral energy (SED). The same method was applied to create c(Hβ) maps using the flux ratio Hα/Hβ, as shown in Fig. 1(b) . Assuming that the foreground interstellar extinction is uniformly distributed over the nebula, an inhomogeneous extinction map may be related to some internal dust contributions. As seen, the extinction map of Abell 48 depicts that the shell is brighter than other regions, and it may contain the asymptotic giant branch (AGB) dust remnants. We have used the three-dimensional morpho-kinematic modelling program SHAPE (version 4.5) to study the kinematic structure. The program described in detail by Steffen & López (2006) and Steffen et al. (2011) , uses interactively moulded geometrical polygon meshes to generate the 3D structure of objects. The modelling procedure consists of defining the geometry, emissivity distribution and velocity law as a function of position. The program produces several outputs that can be directly compared with long slit or IFU observations, namely the position-velocity (P-V) diagram, the 2-D line-of-sight velocity map on the sky and the projected 3-D emissivity on the plane of the sky. The 2-D line-of-sight velocity map on the sky can be used to interpret the IFU velocity maps. For best comparison with the IFU maps, the inclination (i), the position angle 'PA' in the plane of the sky, and the model parameters are modified in an iterative process until the qualitatively fitting 3D emission and velocity information are produced. We adopted a model, and then modified the geometry and inclination to conform to the observed Hα and [N II] intensity and radial velocity maps. For this paper, the three-dimensional structure has then been transferred to a regular cell grid, together with the physical emission properties, including the velocity that, in our case, has been defined as radially outwards from the nebular centre with a linear function of magnitude, commonly known as a Hubble-type flow (see e.g. Steffen et al. 2009 ).
KINEMATICS
The morpho-kinematic model of Abell 48 is shown in Fig. 3(a) , which consists of a modified torus, the nebular shell, surrounded by a modified hollow cylinder and the faint outer halo. The shell has an inner radius of 10 ′′ and an outer radius of 23 ′′ and a height of 23 ′′ . We found an expansion velocity of vexp = 35 ± 5 km s −1 and a LSR systemic velocity of vsys = 65 ± 5 km s −1 . Our value of the LSR systemic velocity is in good agreement with the heliocentric systemic velocity of v hel = 50.4 ± 4.2 km s −1 found by Todt et al. (2013) . Following Dopita et al. (1996) , we estimated the nebula's age around 1.5 of the dynamical age, so the star left the top of the AGB around 8880 years ago. Fig. 3 shows the orientation of Abell 48 on to the plane of the sky. The nebula has an inclination of i = −35
• between the line of sight and the nebular symmetry axis. The symmetry axis has a position angle of PA = 135
• projected on to the plane of the sky, measured from the north towards the east in the equatorial coordinate system (ECS). The PA in the ECS can be transferred into the Galactic position angle (GPA) in the Galactic coordinate system (GCS), measured from the north Galactic pole (NGP; GPA = 0
• ) towards the Galactic east (GPA = 90
• ). Note that GPA = 90
• describes an alignment with the Galactic plane, while GPA = 0
• is perpendicular to the Galactic plane. As seen in Table 3 , Abell 48 has a GPA of 197.
• 8, meaning that the symmetry axis is approximately perpendicular to the Galactic plane.
Based on the systemic velocity, Abell 48 must be located at less than 2 kpc, since higher distances result in very high peculiar velocities (vpec > 189 km s −1 ; vpec = 170 km s −1 found in few PNe in the Galactic halo by Maciel & Dutra 1992). However, it cannot be less than 1.5 kpc due to the large interstellar extinction. Using the infrared dust maps 2 of Schlegel et al. (1998) , we found a mean reddening value of E(B −V ) = 11.39±0.64 for an aperture of 10 ′ in diameter in the Galactic latitudes and longitude of (l, b) = (29.0, 0.4), which is within a line-of-sight depth of 20 kpc of the Galaxy. Therefore, Abell 48 with E(B − V ) ≃ 2.14 must have a distance of less than 3.3 kpc. Considering the fact that the Galactic bulge absorbs photons overall 1.9 times more than the Galactic disc (Driver et al. 2007 ), the distance of Abell 48 should be around 2 kpc, as it is located at the dusty Galactic disc.
NEBULAR EMPIRICAL ANALYSIS

Plasma diagnostics
The derived electron temperatures (Te) and densities (Ne) are listed in Table 5 , together with the ionization potential required to create the emitting ions. We obtained Te and Ne from temperaturesensitive and density-sensitive emission lines by solving the equilibrium equations of level populations for a multilevel atomic model using EQUIB code (Howarth & Adams 1981) . The atomic data sets used for our plasma diagnostics from collisionally excited lines (CELs), as well as for abundances derived from CELs, are given in Table 4 . The diagnostics procedure to determine temperatures and densities from CELs is as follows: we assume a representative initial electron temperature of 10 000 K in order to derive Ne from [S II] line ratio; then Te is derived from [N II] line ratio in conjunction with the mean density derived from the previous step. The calculations are iterated to give self-consistent results for Ne and Te. The correct choice of electron density and temperature is important for the abundance determination.
We see that the PN Abell 48 has a mean temperature of is order of 40 percent or more, due to the weak flux intensity of [N II] λ5755, the recombination contribution, and high interstellar extinction. Therefore, we adopted the mean electron temperature from our photoionization model for our CEL abundance analysis. Table 5 also lists the derived He I temperatures, which are lower than the CEL temperatures, known as the ORL-CEL temperature discrepancy problem in PNe (see e.g. Liu et al. 2000 Liu et al. , 2004b . To determine the electron temperature from the He I λλ5876, 6678 and 7281 lines, we used the emissivities of He I lines by Smits (1996) , which also include the temperature range of Te < 5000 K. We derived electron temperatures of Te(He I) = 5110 K and Te(He I) = 4360 K from the flux ratio He I λλ7281/5876 and λλ7281/6678, respectively. Similarly, we got Te(He I) = 6960 K for He I λλ7281/5876 and Te(He I) = 7510 K for λλ7281/6678 from the measured nebular spectrum by Todt et al. (2013) .
Ionic and total abundances from ORLs
Using the effective recombination coefficients (given in Table 4 ), we determine ionic abundances, X i+ /H + , from the measured intensities of optical recombination lines (ORLs) as follows:
where I(λ) is the intrinsic line flux of the emission line λ emitted by ion X i+ , I(Hβ) is the intrinsic line flux of Hβ, α eff (Hβ) the effective recombination coefficient of Hβ, and α eff (λ) the effective recombination coefficient for the emission line λ.
Abundances of helium and carbon from ORLs are given in Table 6. We derived the ionic and total helium abundances from He I λ4471, λ5876 and λ6678 lines. We assumed the Case B recombination for the He I lines (Porter et al. 2012 (Porter et al. , 2013 
Ionic and total abundances from CELs
We determined abundances for ionic species of N, O, Ne, S and Ar from CELs. To deduce ionic abundances, we solve the statistical equilibrium equations for each ion using EQUIB code, giving level population and line sensitivities for specified Ne = 1000 cm −3
and Te = 10 000 K adopted according to our photoionization modelling. Once the equations for the population numbers are solved, the ionic abundances, X i+ /H + , can be derived from the observed line intensities of CELs as follows:
where I(λij) is the dereddened flux of the emission line λij emitted by ion X i+ following the transition from the upper level i to the lower level j, I(Hβ) the dereddened flux of Hβ, α eff (Hβ) the effective recombination coefficient of Hβ, Aij the Einstein spontaneous transition probability of the transition, ni the fractional population of the upper level i, and Ne is the electron density.
Total elemental and ionic abundances of nitrogen, oxygen, neon, sulphur and argon from CELs are presented in Table 7 . Total elemental abundances are derived from ionic abundances using the ionization correction factors (icf ) formulas given by Kingsburgh & Barlow (1994 
The Ne 2+ /H + is derived from [Ne III] λ3869 line. Similarly, the 
The 
As it does not include the unseen Ar 3+ , so the derived elemental argon may be underestimated. Fig. 4 are seen at the edges of the shell. It shows obvious results of the ionization sequence from the highly inner ionized zones to the outer low ionized regions.
PHOTOIONIZATION MODELLING
The 3-D photoionization code MOCASSIN (version 2.02.67; Ercolano et al. 2003b Ercolano et al. , 2005 Ercolano et al. , 2008 was used to study the bestfitting model for Abell 48. The code has been used to model a number of PNe, for example NGC 3918 (Ercolano et al. 2003a ), NGC 7009 (Gonçalves et al. 2006) , NGC 6302 (Wright et al. 2011) , and SuWt 2 (Danehkar et al. 2013 ). The modelling procedure consists of defining the density distribution and elemental abundances of the nebula, as well as assigning the ionizing spectrum of the CS. This code uses a Monte Carlo method to solve selfconsistently the 3-D radiative transfer of the stellar radiation field in a gaseous nebula with the defined density distribution and chemical abundances. It produces the emission-line spectrum, the thermal structure and the ionization structure of the nebula. It allows us to determine the stellar characteristics and the nebula parameters. The atomic data sets used for the calculation are energy levels, collision strengths and transition probabilities from the CHIANTI data base (version 5.2; Landi et al. 2006) , hydrogen and helium freebound coefficients of Ercolano & Storey (2006) , and opacities from Verner et al. (1993) and Verner & Yakovlev (1995) .
The best-fitting model was obtained through an iterative process, involving the comparison of the predicted Hβ luminosity L Hβ (erg s −1 ), the flux intensities of some important lines, relative to Hβ (such as [O III] λ5007 and [N II] λ6584), with those measured from the observations. The free parameters included distance and nebular parameters. We initially used the stellar luminosity (L⋆ = 6000 L ) and effective temperature (T eff = 70kK) found by Todt et al. (2013) . However, we slightly adjusted the stellar luminosity to match the observed line flux of [O III] emission line. Moreover, we adopted the nebular density and abundances derived from empirical analysis in Section 4, but they have been gradually adjusted until the observed nebular emission-line spectrum was reproduced by the model. The best-fitting L Hβ depends upon the distance and nebula density. The plasma diagnostics yields Ne = 750-1000 cm −3 , which can be an indicator of the density range. Based on the kinematic analysis, the distance must be less than 2 kpc, but more than 1.5 kpc due to the large interstellar extinction. We matched the predicted Hβ luminosity L(Hβ) with the value derived from the observation by adjusting the distance and nebular density. Then, we adjusted abundances to get the best emission-line spectrum.
The ionizing spectrum
The hydrogen-deficient synthetic spectra of Abell 48 was modelled using stellar model atmospheres produced by the Potsdam WolfRayet (PoWR) models for expanding atmospheres (Gräfener et al. 2002; Hamann & Gräfener 2004) . It solves the non-local thermodynamic equilibrium (non-LTE) radiative transfer equation in the comoving frame, iteratively with the equations of statistical equilibrium and radiative equilibrium, for an expanding atmosphere under the assumptions of spherical symmetry, stationarity and homogeneity. The result of our model atmosphere is shown in Fig. 5 . The model atmosphere calculated with the PoWR code is for the stellar surface abundances H:He:C:N:O = 10:85:0.3:5:0.6 by mass, the stellar temperature T eff = 70 kK, the transformed radius Rt = 0.54 R and the wind terminal velocity v∞ = 1000 km s −1 . The best photoionization model was obtained with an effective temperature of 70 kK (the same as PoWR model used by Todt et al. 2013 ) and a stellar luminosity of L⋆/L = 5500, which is close to L⋆/L = 6000 adopted by Todt et al. (2013) . This stellar lu- minosity was found to be consistent with the observed Hβ luminosity and the flux ratio of [O III]/Hβ. A stellar luminosity higher than 5500 L produces inconsistent results for the nebular photoionization modelling. The emission-line spectrum produced by our adopted stellar parameters was found to be consistent with the observations.
The density distribution
We initially used a three-dimensional uniform density distribution, which was developed from our kinematic analysis. However, the interacting stellar winds (ISW) model developed by Kwok et al. (1978) demonstrated that a slow dense superwind from the AGB phase is swept up by a fast tenuous wind during the PN phase, creating a compressed dense shell, which is similar to what we see in Fig. 6 . Additionally, Kahn & West (1985) extended the ISW model to describe a highly elliptical mass distribution. This extension later became known as the generalized interacting stellar winds theory. There are a number of hydrodynamic simulations, which showed the applications of the ISW theory for bipolar PNe (see e.g. Mellema 1996 Mellema , 1997 . As shown in Fig. 6 , we adopted a density structure with a toroidal wind mass-loss geometry, similar to the ISW model. In our model, we defined a density distribution in the cylindrical coordinate system, which has the form NH(r) = N0[1 + (r/rin) −α ], where r is the radial distance from the centre, α the radial density dependence, N0 the characteristic density, rin = rout − δr the inner radius, rout the outer radius and δr the thickness.
The density distribution is usually a complicated input param- eter to constrain. However, the values found from our plasma diagnostics (Ne = 750-1000 cm −3 ) allowed us to constrain our density model. The outer radius and the height of the cylinder are equal to rout = 23 ′′ and the thickness is δr = 13 ′′ . The density model and distance (size) were adjusted in order to reproduce I(Hβ) = 1.355 × 10 −10 erg s −1 cm −2 , dereddened using c(Hβ) = 3.1 (see Section 2). We tested distances, with values ranging from 1.5 to 2.0 kpc. We finally adopted the characteristic density of N0 = 600 cm −3 and the radial density dependence of α = 1. The value of 1.90 kpc found here, was chosen, because of the best predicted Hβ luminosity, and it is in excellent agreement with the distance constrained by the synthetic spectral energy distribution (SED) from the PoWR models. Once the density distribution and distance were identified, the variation of the nebular ionic abundances were explored. Table 8 lists the nebular elemental abundances (with respect to H) used for the photoionization model. We used a homogeneous abundance distribution, since we do not have any direct observational evidence for the presence of chemical inhomogeneities. Initially, we used the abundances from empirical analysis as initial values for our modelling (see Section 4). They were successively modified to fit the optical emission-line spectrum through an iterative process. We obtain a C/O ratio of 21 for Abell 48, indicating that it is predominantly C-rich. Furthermore, we find a helium abundance of 0.12. This can be an indicator of a large amount of mixing processing in the He-rich layers during the He-shell flash leading to an increase carbon abundance. Asplund et al. 2009 ). This may be due to that the progenitor has a sub-solar metallicity. The enrichment of carbon can be produced in a very intense mixing process in the He-shell flash (Herwig et al. 
The nebular elemental abundances
1997).
Other elements seem to be also decreased compared to the solar values, such as sulphur and argon. Sulphur could be depleted on to dust grains (Sofia et al. 1994 ), but argon cannot have any strong depletion by dust formation (Sofia & Jenkins 1998) . We notice that the N/H ratio is about the solar value given by Asplund et al. (2009) , but it can be produced by secondary conversion of initial carbon if we assume a sub-solar metallicity progenitor. The combined (C+N+O)/H ratio is by a factor of 3.9 larger than the solar value, which can be produced by multiple dredge-up episodes occurring in the AGB phase. Table 9 compares the flux intensities predicted by the best-fitting model with those from the observations. Columns 2 and 3 present the dereddened fluxes of our observations and those from Todt et al. (2013) . The predicted emission-line fluxes are given in Column 4, relative to the intrinsic dereddened Hβ flux, on a scale where I(Hβ) = 100. The most emission-line fluxes presented are in reasonable agreement with the observations. However, we notice that the [O II] λ7319 and λ7330 doublets are overestimated by a factor of 3, which can be due to the recombination contribution. Our photoionization code incorporates the recombination term to the statistical equilibrium equations. However, the recombination contribution are less than 30 per cent for the values of Te and Ne found from the plasma diagnostics. Therefore, the discrepancy between our model and observed intensities of these lines can be due to inhomogeneous condensations such as clumps and/or colder small-scale structures embedded in the global structure. It can also be due to the measurement errors of these weak lines. The observed intensity of these line can be overestimated. It is the same for [S III] λ9069, which is typically affected by the atmospheric absorption band.
MODEL RESULTS
Comparison of the emission-line fluxes
Ionization and thermal structure
The volume-averaged fractional ionic abundances are listed in Table 10. We note that hydrogen and helium are singly-ionized. We see that the O + /O ratio is higher than the N + /N ratio by a factor of 1.34, which is dissimilar to what is generally assumed in the icf method. However, the O 2+ /O ratio is nearly a factor of 1.16 larger than the Ne 2+ /Ne ratio, in agreement with the general assumption for icf (Ne). We see that only 19 per cent of the total nitrogen in the nebula is in the form of N + . However, the total oxygen largely exists as O 2+ with 70 per cent and then O + with 26 per cent.
The elemental abundances we used for the photoionization model returns ionic abundances listed in Fig. 7(bottom) shows plots of the ionization structure of helium, carbon, oxygen, argon (left-hand panel), nitrogen, neon and sulphur (right-hand panel) as a function of radius along the equatorial direction. As seen, ionization layers have a clear ionization age determined from the kinematic analysis. We therefore conclude that Abell 48 originated from an ∼ 3 M progenitor, which is consistent with the nebula's features.
